Abstract In this paper an argon filled coaxial dielectric barrier discharge (DBD) has been studied to understand the detail of power transfer from a unipolar square pulse to plasma during discharge. A dielectric barrier discharge based diffuse pulse discharge and its electrical characteristics are investigated. A quartz coaxial DBD tube filled at different pressures is used in the experiment. A unipolar pulse voltage of different peak voltages and frequencies has been applied to the discharge electrodes for the generation of microdischarges. Two current pulses are used for two consecutive discharges per applied voltage pulse. The second discharge, which occurs at the falling flank of the voltage pulse, is induced by the charges stored on the dielectric barrier during the first discharge. It has been deduced that the power supplied to ignite the first discharge is partly stored to ignite the second discharge when the applied voltage decays. This process ultimately leads to much improved power transfer to the plasma. The knowledge obtained from dynamic processes of the DBDs in the discharge gap explains quantitatively the mechanism of ignition, development and extinction of the DBDs.
Introduction
The high-pressure non-equilibrium, non-thermal discharges based on dielectric barrier discharges (DBDs) are rapidly becoming important technological components in medical and material processing applications. The DBDs, also referred to as silent discharges, are generated in discharge configuration with at least one dielectric barrier between two planar or cylindrical electrodes connected to an AC or pulse power supply. The dielectric layer acts as a current limiter and prevents the formation of a spark or an arc discharge. It is established that the DBDs are an easy way to generate non-thermal and non-equilibrium plasma at atmospheric pressure [1] . The DBDs are also considered as a promising alternative to conventional mercury based discharge plasmas to produce highly efficient vacuum ultraviolet (VUV) and ultraviolet (UV) radiations and find a number of industrial applications ranging from plasma display panels to surface treatment [2∼4] . The discharge appearance of DBDs can be either filamentary or homogeneous, depending on the experimental conditions such as discharge gas, gas pressure, gas gap, dielectric surface properties, applied voltage waveform, etc [5∼11] . Efficient excimer formation in DBDs is technically very important for application to high-power ultraviolet lamps. Excimer lamps are mercury free systems and eco-friendly, and therefore they are attractive to the lighting industry.
Dielectric barrier based discharges are traditionally driven by sinusoidal wave voltages with magnitudes in the kV range and frequencies in the kHz range. To improve the energy transfer efficiency, voltage pulses with sub-microsecond rise and fall times have been proposed by several investigators [12, 13] . Generally two discharges are ignited per pulse: one discharge at the rising edge and another at the falling edge of the voltage pulse [14, 15] . Here, we performed the experiment using the unipolar pulse waveform in an argon filled coaxial DBD tube at different operating conditions. Although a large number of studies have been performed to show the electrical behaviour of DBDs excited by unipolar square pulses [12∼15] but not much emphasis has been given to the analysis of input power from the external circuit with the internal discharge power consumption process. In fact, discharge current measurements show two narrow current pulses, a positive one (at a short time after the voltage rising edge) and a negative one (at the falling edge of the voltage pulse). The negative current pulse is caused by the voltage induced by the charge accumulation on the dielectric barrier during the first current pulse, which can also play an important role in discharge behavior. So, here an effort has been made to understand the power transfer behaviour from a unipolar square pulse to plasma during the supply of the input power and its dependence on electrical parameters.
For the electrical diagnostics of the discharge, a temporally dynamic model for diffuse DBDs is used [16, 17] . From this model a few equations are used which allow the calculation of internal electrical quantities in the discharge gap from measured external electrical quantities. From these derived quantities the total current, i.e., the sum of the capacitive displacement current and the conduction current is obtained. The dynamic nature of the voltage across the dielectric, memory voltage, gas gap voltage, charge accumulation of DBD and DBD capacitance are correlated to the current measurements. Finally, the different components of the power (stored and dissipated) are estimated for different operating conditions and it is stated that the power supplied to ignite the first discharge is partly stored to ignite the second discharge, which ultimately leads to a much improved power transfer to the plasma.
Experiment
2.1 DBD cell design Fig. 1(a) shows the picture of a coaxial DBD cell filled with argon. Fig. 1(b) depicts the schematic of the coaxial DBD lamp consisting of two coaxial fused quartz tubes separated by a gas gap. The outer surface of the quartz tube is wrapped by a copper wire mesh (mesh size: 900 inch −2 , wire size: 0.15 mm) electrode and the inner electrode of Cusil alloy (72% Ag and 28% Cu) foil has been inserted into the coaxial tube in close proximity to the inner wall. A high voltage pulse signal is applied to the inner electrode, while the outer mesh electrode is grounded. The inner radius of the outer quartz tube is 18.5 mm and the thickness is 1.5 mm, while the inner radius of the inner quartz tube is 15 mm and the thickness is 2 mm. The gas gap is 1.5 mm. The total length of the DBD tube is 30 cm, while 9 cm of the tube is wrapped by the outer mesh on the outside and covered by the inner foil electrode from the inside. 
Experimental setup
Fig . 2 shows the experimental set-up. A high voltage unipolar pulse power up to a 6 kV peak with different frequencies (up to 10 kHz) has been applied to the discharge electrodes for the generation of microdischarges. The DBD cell has been mounted inside an ultra high vacuum chamber. At room temperature, argon gas of 99.9% purity (BOC Gases) has been filled in the DBD cell. The gas flow has been controlled by a mass flow controller (Matheson: 8272-0453). The pressure has been measured by pressure gauges (Pfeiffer: APR262, Pfeiffer: PKR251) and maintained by vacuum valves (Matheson: 316 L, Varian: 9515091). The outer wire mesh electrode acts as a cathode while the inner foil electrode acts as an anode. The wire mesh electrode allows the radiation to come out of the tube for spectroscopic analysis. An external capacitor C ext (500 pF) has been used to measure transferred charges. 3 Results and discussion Fig. 3(a) shows the average image of a discharge taken with a digital camera (SONY DSC-P100, exposure time: 25 ms). The image indicates that the diffuse discharge covers the entire surface of the electrodes. Fig. 3(b) shows the total current trace together with the applied voltage at 600 mbar working pressure. The pulse width of the voltage is 4 µs and the pulse repetition frequency is 10 kHz. Two distinct current pulses are clearly visible. The first pulse occurs at the rising front of the voltage pulse and the second current pulse occurs at the falling front of the voltage. Fig. 3(b) clearly shows that the discharge current waveform has a number of current pulses with nanosecond order which are superimposed on the total current and confirms filamentary discharge [16, 17] . These current pulses are induced by the discharge. In the experiment the voltage applied to the metal foil electrode was increased manually. When the applied voltage rose to a certain value, V bd (breakdown voltage), the discharge began with some filaments distributed on the dielectric wall, but the intensity of the visible light emitted from the discharge gap was very low. If the applied voltage is increased further, the number of filaments increases and finally gets diffused. The discharge occurs at the rising front of the voltage pulse where the breakdown voltage is 1.8 kV. In fact, the discharge current pulses include both the displacement current and the conduction current, which flow as soon as a conduction channel is formed when the gap breaks down. The memory charges deposited by the primary discharges are able to provide enough fields in the gap to initiate the secondary discharges at the falling flank of the applied voltage. An analogous electrical circuit proposed for pulse DBDs [17] is used for the calculation of internal electrical quantities for the argon filled coaxial DBD tube. The following equations have been derived from the analogous electrical model [17] . The discharge current,
and the dielectric barrier voltage, V d (t), gas gap voltage, V g (t) and memory voltage V m (t) are respectively given by,
and
The terms used in Eqs. (1) to (4) have their usual meanings and are explained in detail in reference (U. N. PAL et al. [17] ). Here the memory voltage (V m ) is due to the induced charge which accumulates on the dielectric barrier during the previous discharge whereas the V d indicates the total dielectric voltage across the barrier which also includes V m . The applied voltage V a (t) and total current I tc (t) waveforms have been obtained using an oscilloscope as shown in Fig. 3(b) . The obtained experimental waveforms are used to solve the above equations for evaluating all the discharge characteristic parameters. To estimate the electrical parameters, such as memory voltage V m (t), gas gap voltage V g (t), dielectric barrier voltage V d (t), the DBDs current I dbd (t) and the conduction current I dis (t) used in the equivalent electrical circuit model [16, 17] , the gap capacitance C g and dielectric barrier capacitance C d are used as input parameters and are obtained from the geometry of the configuration. From the geometry the estimated values of C g and C d are 92.23 pF and 59.13 pF, respectively. The derived total capacitance of the DBD cell C dbd (36.03 pF) is in good agreement with the measured value (37 pF) by the LCR meter. Since the displacement current is due to the combination of these capacitors, instead of directly using the capacitance values of the DBD cell from the numerical calculations or the LCR meter, we have deduced the values from the experimental data.
The instantaneous input power delivered by the electric supply P sup (t) and the power consumed P dis (t) during discharge are expressed as,
The mean value of supplied power P sup and consumed power P dis can be expressed as,
From the total current I tc (t), the discharge current is extracted from the relationship given in Eq. (1) and is displayed in Fig. 4 together with the applied voltage and total current waveform. The delay between the start of the voltage pulse and that of the discharge current is ∼375 ns. After the occurrence of the first discharge current pulse, the discharge current remains zero until the arrival of the falling flank of the voltage waveform. About 30 ns after the beginning of the falling flank, the secondary discharge is initiated. This secondary discharge ignites because of the voltage induced by the charges, which have accumulated on the surface of the dielectric plate during the first discharge.
The calculated internal discharge current I dis (t) shows two current pulses at 0.018 µs and 4.11 µs, respectively. The pulse width of the first discharge is 116 ns while that of the second discharge is 300 ns.
Fig.4 Temporal behaviour of the discharge current I dis (t) along with the applied voltage Va(t) and total current Itc(t) (color online)
The dynamic behavior for different voltages on the DBD cell is shown in Fig. 5 . For this, the voltage across the dielectric, gas gap, and memory voltage are calculated using Eqs. (2)∼(4). The discharge occurs when the applied voltage reaches the breakdown voltage which results in significant electron production. After the breakdown, the produced electrons move toward the momentary anode driven by the gap voltage and reverse the polarity of the initial memory voltage. The voltage across the dielectric V d (t) starts increasing only when the discharge is initiated. Then, V d (t) rises rapidly for further increase of the discharge current. This rise is due to the charges from the plasma volume being collected on the surface of the dielectric. The gap voltage increases with the external applied voltage nearly at the same rate until the external voltage reaches the breakdown value.
A small hump in the gap voltage marks the ignition condition. This discharge hump corresponds to the weakening of the internal electric field in the gas gap due to the momentary flow of charges during the discharge. It is seen from Fig. 5 that V g (t) exhibits a negative pulse when the applied voltage V a (t) decays. Probably this negative pulse is induced by the charges previously collected on the surface of the dielectric plate. This reversed voltage then causes the secondary discharge to have opposite polarity at a relatively low voltage of 430 V due to the remaining conductivity of the discharge gap shortly after the primary discharge. For the same reason the secondary discharge develops more rapidly with a higher current peak compared with the primary discharge. It is observed that, when the breakdown occurs, the memory voltage, the barrier voltage, the gas gap voltage and the external applied voltage are typically 61 V, 780 V, 1.06 kV and 1.83 kV, respectively. For further applied pulses a similar concept of voltage distribution is followed. Hence increasing the repetition rate of the applied voltages would lead to a higher frequency of occurrence of the double discharges and obviously more temporally stable plasma. The effect of stray capacitance is observed when an analytical study is performed for the no-discharge activity region of the I tc (t) curves. In this region, the total DBD can be considered as a pure capacitive circuit. During this period, the total displacement current through the DBD cell can be written as I tc (t) = C eq dV a (t)/dt, where C eq is the combination of stray capacitance C s and the capacitance of the DBD cell (C dbd ) [17] . The behavior of the total capacitance of the DBD cell is shown in Fig. 6 . The average value of the curve is determined without considering the effect of peaks, which arises due to numerical singularities occurring during the zero crossing of the denominator. This value of average capacitance is carefully used to nullify the effect of the stray capacitance and other unwanted circuit noise so that it cannot influence the actual discharge characteristics. The capacitance of the DBD cell C dbd is the series combination of dielectric barrier capacitance C d and gas gap capacitance C g . During discharge, the gas capacitance C g varies due to a change in the relative permittivity of gas [18] . The instantaneous input power delivered by the electric supply P sup (t) and the power consumed P dis (t) during discharges are calculated using Eqs. (5) and (6), respectively. The calculated power signals P sup (t) and P dis (t) are shown in Fig. 7 . During the first rising front of the applied voltage, P sup (t) includes both the power dissipated in the plasma and the reactive power stored in various capacitors (cable, dielectric, and gas) [19] . On the other hand, the curve representing P dis (t) illustrates the power dissipated in the plasma during the first and the second discharges. It is estimated that the external circuit inputs energy of 459 µJ at the rising pulse front. Part of this energy is consumed by the primary discharge and the remainder is stored by charges on the dielectric surface and in the gap space. Our estimations show that at the falling flank, energy of 300 µJ returns to the external circuit. The energy consumed by both the primary and the secondary discharges are typically 86.9 µJ and 98 µJ, respectively. At the falling flank of the applied voltage the sign of P sup (t) is negative that represents a power return to the power source. It should be mentioned that the second discharge occurs without any power contribution from the power source. This recuperated power helps lower the power requirement in the sense that some of the originally supplied power is restored to the source.
Conclusion
The electrical behaviour of filamentary DBDs excited by unipolar square pulses is studied with emphasis laid on the power input from the external circuit versus the internal discharge power consumption. It is found that besides a primary discharge occurring at the rising front or during the pulse top, a second discharge (secondary discharge) occurs at the end of the falling voltage flank. The latter is not directly energized by the external circuit, but is instead by the energy stored on the dielectric capacitor during the charging process of the primary discharge current. Hence the power supplied to ignite the first discharge is partly stored to later ignite a second discharge when the applied voltage decays. This process ultimately leads to an improved power transfer to the plasma.
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